We investigated how different processing of soy foods impacts their hypolipidemic properties. Male rats were fed a diet containing 300 g/kg of roasted soybean, powdered soy milk, dried fresh tofu, or kori tofu for 21 days. Roasted soybean, a fiber-rich food, significantly increased the fecal total lipid content. The fecal excretion of bile acids was significantly stimulated by fresh tofu and kori tofu, both of which contain coagulated protein. Soy milk and tofu products, which are relatively rich in protein, partly suppressed hepatic lipogenesis compared to roasted soybean.
Introduction
Various hypolipidemic components of soybean and their functional mechanisms have been identified (Potter, 1995) . As well as favorable components, soybean contains endogenous inhibitors of digestive enzymes and sources of undesirable flavors (Friedman and Brandon, 2001 ). Thus, adequate preparation of soybean products is necessary for human or animal ingestion. In Japan and some Asian countries, various cooking and processing methods have been developed for soy products. The wide variety of soy foods contributes to the promotion of soybean consumption. According to epidemiological studies, frequent consumption of soy products is associated with better lipid profiles in Asian populations (Lukito, 2001 ). Food processing also affects the nutritional composition of soy products (Lokuruka, 2011) . Moreover, physicochemical modification of nutrients, such as heat denaturation and enzymatic hydrolysis. These modifications have been exploited to improve the functionality of foods, such as in the production of hypoallergenic foods (Sathe and Sharma, 2009) . Taking into account the difference in metabolic state among individuals, food processing could be used to produce customized functional soy foods to alleviate dyslipidemia.
A clear understanding of the differences in the functionality of each soy food could allow individuals to make their own appropriate choice to improve specific pathways of lipid metabolism through their daily diet. Furthermore, natural or common soy foods are more acceptable and accessible than newly developed functional foods.
However, food is much more complex than a single component, yet it is not as well explored and more difficult to research (Jacobs and Tapsell, 2013) . In an attempt to address this issue, we investigated food functionalities by directly comparing the nutritional characteristics of common soy foods in Japan and examined the influences of food processing on lipid metabolism in rats.
Materials and Methods
Preparation of soy foods Roasted soybean, soy milk, soybean curd (fresh tofu), and freeze-dehydrated soybean curd (kori tofu) (Codex, 1995) were prepared by Asahimatsu Foods Co., Ltd.
(Nagano, Japan). Whole soybeans were roasted at 130℃ for 30 min in a steam convection oven (KEDC Multimax 6-23; Eloma, Maisach, Germany), crushed with a grinder (Grindomix; Retsch, Haan, Germany), and sifted through a 24-mesh screen. To prepare soy milk, soybeans were soaked in water at 15℃ for 8 hours, then ground into a homogenate with fresh water using a blender (M-5A; NARA Machinery Co., Ltd., Tokyo, Japan) at 3300 rpm. The homogenate was heated to > 95℃ for 3 min and filtered using a press equipped with a screen mesh (Twin Meister; Yanagiya Machinery Co., Ltd., Yamaguchi, Japan). A portion of the soy milk was rapidly freeze-dried and crushed as the sample. The other portion was mixed with calcium chloride solution to a concentration of 13 mM calcium to form a curd. Half of the curd was rapidly freeze-dried, crushed, and sifted to provide the fresh tofu sample. The other half of the curd was slowly frozen at _ 9℃
for 3 hours and aged at _ 2℃ for 20 days. The aged curd was thawed in water, dehydrated, dried in a hot-air dryer, and then crushed and sifted to give the kori tofu sample. The nutritional composition of the soy foods was analyzed by the Food Analysis
Technology Center (Mie, Japan).
Animals and diets
The animal study was approved by the , and acclimatized to a commercial diet (Type NMF; Oriental Yeast, Tokyo, Japan) for 5 days. Animals were divided into four groups (n = 7 _ 8) with similar average body weights, and assigned to one of the experimental diets. The dried soy foods at 300 g/kg were added to the diets in the present experiment; this amount of soy foods was shown in our preliminary experiment using soy flour to modulate serum lipid levels (Takahashi, unpublished data) . The experimental diets were prepared based on AIN-93G (Reeves et al., 1993) (Table 1) . In this study, sucrose, used in AIN-76 (American Institute of Nutrition, 1977) , was employed as a major carbohydrate source. Because it is known that sucrose can increase the serum triacylglycerol level and hepatic lipogenesis compared to starch in rats (Naismith and Rana, 1974) , we expected that soy foods could effectively alleviate these changes. Casein, corn oil, and cellulose were added to the diets to adjust the protein, fat, and dietary fiber contents, respectively.
Animals had free access to the diets and tap water for 21 days. To investigate how processing of soy, such as heat denaturation, affects lipid metabolism, a soy-free control diet was not included in this study.
Collection and preparation of samples Feces were collected for 3 days prior to the experimental endpoint. The lyophilized feces were weighed and stored at _ 30℃. At the end of the feeding period, rats were deprived of food for 3 hours and euthanized by collecting blood from the abdominal aorta during isoflurane anesthesia. Serum was separated by centrifugation and stored at (Chomczynski and Sacchi, 1987) . The homogenates were stored at _ 30℃ until analysis. The remainder of the tissue was frozen in liquid nitrogen and stored at _ 80℃.
Analytical procedures for lipid metabolism Serum lipid
concentrations were analyzed using commercial kits (Wako Pure Chemical Industries, Osaka, Japan). Liver lipids were extracted and analyzed using methods described previously (Takahashi and Ide, 2008) . Total lipids in the feces were determined as described previously (Kaplan and Greenwood, 1998) . Fecal bile acids were analyzed using hydroxysteroid dehydrogenase (Eaton and Klaassen, 1976) . The activities of the enzymes involved in fatty acid metabolism were measured spectrophotometrically (Takahashi and Ide, 2008) . Hepatic total RNA was extracted and complementary DNA was obtained (Takahashi and Ide, 2008) . mRNA levels were analyzed using the real-time semi-quantitative reverse transcription polymerase chain reaction as described previously (Takahashi and Konishi, 2011) . mRNA abundance was calculated as a ratio of the β-actin value in each cDNA sample and expressed as a percentage of the value obtained in rats fed the roasted soybean diet. The nucleotide sequences of the primers and probes have been reported previously (Lim et al., 2007; Takahashi, 2011) .
Isoflavone content in soy foods and serum Isoflavone contents
in the soy foods were determined according to the method reported previously (Ogita et al., 2015) . Serum isoflavone concentrations were determined after treatment with β-glucuronidase/sulfatase in accordance with the method described previously (Takahashi and Ide, 2008) . Isoflavones were calculated as aglycone levels.
Statistical analyses A power analysis was performed using G*Power 3.1.9.2 to determine the number of animals needed in order to detect significant differences among the groups (effect size = 0.80; α = 0.05; power = 0.90) (Faul et al., 2007) . Statistical analyses were performed using SPSS ® Statistics 22 (IBM Japan, Tokyo, Japan). A one-way ANOVA followed by Tukey-Kramer's post hoc analysis was used to determine the significance of the dietary effects on the parameters examined. Values are presented as the mean ± SD. Significant differences were defined at a level of p < 0.05.
Results and Discussion
Nutrient composition of soy foods Although the food processing did not considerably alter the nutritional compositions, protein and fat contents were higher in the following order on a dry weight basis: kori tofu = fresh tofu > soy milk > roasted soybean (Table 2) . Dietary fiber was more abundant in roasted soybean than in the other soy foods. These differences may be caused by the processing (Lokuruka, 2011), i.e., heating, filtration, extracting water-soluble components, and removal of whey.
Effect of soy foods on fecal lipid levels No significant
differences were observed in body weight gain, food intake, or feeding efficacy (Table 3 ). Daily fecal weights were similar among the groups (Table 3 ). The fecal excretion of total lipids in the roasted soybean group was more than 2-fold greater than that of the other groups. Total fiber contents in the diets were adjusted with cellulose (Table 1) ; however, the amounts of soluble and insoluble fiber in roasted soybean were approximately 2-fold and more than 5-fold greater, respectively, than those in other soy foods (Table 2) . Soybeans contain various fibers such as pectin, hemicellulose, and cellulose (Karr-Lilienthal et al., 2005) . Choi et al. (1988) reported that soluble fiber of high molecular weight was more effective for the fecal excretion of lipids than insoluble cellulose. Thus, the ability of soy fiber to bind lipids may be greater than that of cellulose. This observation suggested that fiber-rich soy food is more potent for excreting excess lipids.
Kori tofu has a sponge-like texture that is generated by the slow-freezing and aging of soy protein at subzero temperatures (Ishiguro et al., 2011) . One plausible cause is a resistant fraction of soy protein hydrolysate, the high-molecular-weight fraction (HMF) (Sugano et al., 1990) . These manufacturing processes may affect the protein structure of kori tofu, thereby increasing the content of HMF that would bind a greater amount of bile acid than soy protein isolate (Ishiguro et al., 2011) . Therefore, we anticipated that the HMF would account for the differences in fecal bile acid excretion between kori tofu and fresh tofu. However, both tofu diets increased the bile acid level similarly compared to the roasted soybean and soy milk diets (Table 3 ). It was suggested that protein coagulation, rather than the slow freezing and aging of the protein, may increase the content of HMF and facilitate the fecal excretion of bile acids. Alternatively, the freeze-drying process may make the coagulated protein less hydrolyzable. We also confirmed the expression of hepatic mRNAs involved in steroid metabolism: lowdensity lipoprotein receptor, 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase, cytochrome P450 family 7 subfamily A member 1 (Cyp7a1), and sterol regulatory element-binding protein (SREBP)-2. However, no significant differences were observed among the groups (data not shown). These results suggested that the increase in fecal bile acid excretion was not derived from the stimulation of internal cholesterol metabolism.
Effect of soy foods on hepatic fatty acid metabolism
The activities and mRNA levels of hepatic enzymes related to fatty acid synthesis tended to be lower in the soy milk, fresh tofu, and kori tofu groups than in the roasted soybean group (Table 4 ). The differences were partly significant. Dietary soy protein was shown previously to reduce triglyceride levels in plasma and liver, and these effects were associated with marked reductions in the activities of hepatic lipogenic enzymes (Iritani et al., 1996) . In this study, the protein content of soy foods (Table 1) 
Effect of soy foods on serum and hepatic lipid levels
Triacylglycerol and cholesterol concentrations in the serum tended Table 3 . The effect of the soy foods on growth and fecal lipid levels to be lower in the soy milk and tofu groups than in the roasted soybean group; however, the differences were not significant (Table 5) . With regard to the relationship with protein content in the soy foods, only hepatic triacylglycerol levels were inversely correlated (r = _ 0.337, p = 0.044). The present study suggested that the hypolipidemic properties of these soy foods were generally similar, although serum lipid levels were more clearly decreased in rats fed kori tofu than in those fed a non-soy diet (Takahashi and Konishi, 2011) . The differences in the amounts of fecal lipid and bile acid excretions may be negligible in modulating serum and hepatic lipid levels. In fact, a large proportion of dietary fat was absorbed, according to the calculation of the daily excretions;
88.1% for the roasted soybean group and 94.5 _ 94.9% for the other groups.
Isoflavone levels in soy products and serum of rats fed soy foods We also examined the probability of isoflavones in soy foods regulating lipid metabolism. Total isoflavones were most abundant in soy milk, followed by roasted soybean, fresh tofu, and kori tofu (Fig. 1A) . Meanwhile, total isoflavone levels in serum were highest in rats fed roasted soybean (Fig. 1B) . Among the isoflavones, daidzein derivatives and their metabolite equol accounted for a significant proportion. Equol was relatively abundant in the soy milk group compared to the roasted soybean group. In the fresh tofu group, most of the daidzein derivatives were also converted into equol. Although the soy foods altered isoflavone levels in the bloodstream, they did not affect lipid metabolism in the present study.
Conclusion
Food processing influenced the protein, fat, and fiber composition as well as the protein conformation of soy foods. The impact of these differences was not apparent on lipid levels in serum and liver; however, fecal lipid levels and hepatic lipogenesis were partly but significantly affected by the type of soy foods.
Given these observations, constant consumption of each soy food may modulate intestinal lipid absorption and hepatic lipogenesis differently.
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